Ozone is a serious and widespread air pollutant, causing among other physiological changes a repression of photosynthetic activity in plants (7, 10, 14) . Ozone effects within the photosynthetic apparatus are variously attributed to damage of the CO2 fixation sites (22), damage of the Chl pigment system (4) , and, according to Chimiklis and Heath (3) in studies with Chlorella, membrane damage causing leakage and subsequent ionic imbalance.
Chl fluorescence is a sensitive indicator of photosynthetic energy conversion (for a review see ref. 13 ). Partial reactions of photosynthesis are reflected in parts of the complex fluorescence induction curves displayed upon a dark-light transition. Changes of the fluorescence induction pattern in an aqueous "model system" with ozone treatment have been reported for Chlorella (2) .
The present report describes ozone effects on Chi fluorescence induction in intact bean leaves and demonstrates the applicability of the fluorescence assay for ozone. This approach became possible with the development of methods to measure fluorescence induction from the illuminated surface of dense leaf material (18, 20) . The results suggest that the photosynthetic water-splitting enzyme system may be the primary site of ozone damage. Marked dependence of injury on the light conditions under which ozone is applied and on the developmental state of the treated plants is shown. 
MATERIALS AND METHODS
Bush bean (Phaseolus vulgaris L. cv. Pure Gold Wax) was planted four seeds/pot, 2 cm deep, in soil. They were kept in the greenhouse at 20/15 C, on an 11-hr photoperiod. Relative humidity varied between 55 and 80%. Pots were watered to capacity on alternate days. Ozone was applied either to the whole plant in fumigation chambers or to portions of single leaves using a gas exchanger attached to the fluorometer (18) .
Ozone for the chambers was generated by passing a stream of air through a corona discharge tube. For single leaf fumigation a Triton Aquatics (model S-11) ozonizer was used. Ozone concentration was monitored with a Mast (model 724) ozone meter. No nitrogen dioxide was detected applying the method of Saltzman (16) .
Chl fluorescence was excited by a broad blue band isolated from a movie projector lamp (Sylvania, type DL6) with a 10-mm Corning 4-96 filter. Light intensity was 0.5 mw/cm2 sec if not stated otherwise. Illumination and collection of fluorescence from the leaf surface were achieved with bifurcated fiberoptics previously described (19) . Fluorescence at X > 660 nm was detected by a photomultiplier (EMI 9658B) protected by a 3-mm Corning 2-64 filter. The experiments of Figures 1 and 2 were carried out with a recently developed portable fluorometer (18) . Fast fluorescence transients were recorded on a storage oscilloscope (Tektroniz 5103N), and slow transients on a strip chart recorder (Metrohm, Hirisau, Switzerland). If not otherwise stated, samples were dark-adapted for 1 to 2 hr. All experiments were carried out at room temperature (22-26 C). Light intensity between 400 and 750 nm was 3.4 mw/cm2 during fumigation in the chambers.
Injury was assessed by visual rating of percentage leaf area necrosis (% LAN) (15) and determination of leaf dry wt to fresh wt ratio. Measurements, if not stated otherwise, were on fully expanded primary leaves, between 17 and 20 days after planting.
RESULTS AND DISCUSSION When a dark-adapted leaf is suddenly exposed to strong continuous light the Chl fluorescence yield shows characteristic changes in the time region from msec to min (8) . For a healthy plant under given conditions the fluorescence time course has a characteristic pattern, which is altered by any change in the photosynthetic apparatus. Figure 1 compares Table I the values of the fluorescence characteristics, P level and M-T slope, are compared for each plant with injury assessed visually (% LAN), and the dry wt to fresh wt ratio. There is good agreement between damage estimated by the fluorescence assay and the visual assays. Not only can the extent of injury be assayed from the fluorescence curves, but as discussed below, the injury sites within the photosynthetic apparatus can be identified. In addition, use of the portable fluorometer allows immediate in situ assay of ozone injury. Important advantages of the fluorescence method are thus its immediacy and nondestructiveness.
In the experiment of Figure 1 there was a 20-hr interval between ozone treatment and the fluorescence assay to allow direct comparison with visible injury. However, fluorescence characteristics are significantly affected immediately on ozone treatment, approximately 20 hr before any injury can be detected visually ( higher doses of ozone, because with lower ozone concentrations (e.g. 0.125 ul/l for 2 hr) we observed a remarkable reversal of the ozone effect within the first few hr after treatment, as shown in Figure 3 . While after 1-hr dark recovery the typical suppression of P and a slow M-T decay indicate injury, after 4 hr the fluorescence characteristics appear close to normal. Thus, the fluorescence assay reveals incipient ozone injury levels.
In Figure 4 data are presented which suggest that ozone injury does not follow a simple dose response. Equal doses were applied over varying times, with the greater injury indicated at the lower concentrations applied over the longer periods. This is in agreement with the observation of Heck et al. (6) control; ---): treated sample. (7) . To achieve injury comparable to that in Figures 1 to 4 by fumigation in the dark, at least 10 times higher concentrations had to be applied. The dark sample showed only a small effect compared to the control while in the light sample there was almost a complete loss of photosynthetic activity, in spite of the lack of visible injury symptoms at the time at which the fluorescence measurements were taken (data not shown).
In order to investigate the gradual change of the fluorescence induction change with increasing exposure to ozone, we devised an experiment in which fluorescence of the same leaf section was measured after different times of fumigation. A sample, enclosed in a gas exchange adaptor (18) , was first illuminated in air with 1-min light/15-min dark cycles until fluorescence induction was reproducible. Then ozone was added to the air stream and the change of fluorescence behavior recorded in subsequent 1-min illumination periods every 15 min (Fig. 5) . In Figure 6 , the amplitudes of the major fluorescence characteristics (0, 0-I, I-P, P-S, M-T; see and then declines slightly. This indicates that ozone does not directly affect PSII reaction centers. The slight decline in 0 level at longer exposures may reflect Chl destruction.
The 0-I rise is only weakly affected. For exposures longer than 60 min the rise rate is slowed (Fig. 5) , but leads to a higher I level. This again argues for only a marginal effect of ozone on the primary reaction of PSII. The slower rate at longer exposures also suggests the injury expressed by the lower O level, indicating a decrease in absorbed light energy. The increase in I, in view of the fact that 0 and P are low at the same time, reflects a partial loss of electron transport capacity between Q2 and PSI.
The I-P rise is markedly suppressed by ozone treatment. As the major decay in the P level occurs between 15 and 60 min, when 0-I is practically unaffected, decreased quantum absorption by PSII appears unlikely. This is at variance with a hypothesis advanced by Coulson and Heath (4) that the primary effect of ozone in the chloroplast is to disrupt the normal pathway of energy flow from excited Chl into the photochemical events by a disruption of the components of the membrane. While this kind of damage can be ruled out by our data as being the primary effect of ozone (15-to 16 -min exposure), it may well be responsible for the effects of longer exposure. The suppression of the I-P rise indicates the gradual loss of H20-splitting activity. With decreasing rates of H20-splitting, electron pressure from the PSII donor side becomes insufficient to reach a transient high reduction level of Q during the induction. This is a general phenomenon observed with a number of other treatments which block H20 -splitting, such as heat treatment (17) , prolonged anaerobiosis (20) , tris treatment (1), and hydrostatic pressure (19) .
The P-S decline is suppressed concomitantly with the I-P rise. In separate experiments (not shown in the figures) we observed that the half-decay time was slightly shortened by ozone treatment during the first 60 min. Thus, the reduction of the P-S transient is not due to inhibition of the reaction which initiates the decay but simply to the fact that it is preceded by a smaller I-P rise. The P-S decline presumably reflects reoxidation of Q with the Calvin cycle as the terminal electron acceptor. Accordingly, the sequence of electron transport from PSII through PSI and NADP to CO2 appears unaffected by ozone at a time when H20-splitting is already severely curtailed.
The S-M rise increases with ozone treatment. It is difficult to decide from Figure 6 whether this is mainly caused by the disappearance of the I-P-S transient or by a true stimulation of S-M. Other data, not shown here, have convinced us that M is indeed stimulated by ozone treatment. The significance of M is not fully understood but it has been shown that uncoupling of photophosphorylation leads to stimulation of M (11) . The stimulation of M by ozone may correspond to a dissipation of the high energy state associated with the photophosphorylation (9, 12, 23 ). This would occur parallel to the block of H20-splitting. At present it is difficult to decide whether all of the ozone effect is due to a block of H20-splitting and the concomitant electron transport to which photophosphorylation is coupled or whether there is also some uncoupling of photophosphorylation. Both inhibition of H20-splitting and uncoupling could be caused by the same damage to the thylakoid membrane.
The M-T decay is slowed down, with the T level increasing in two waves. The first wave occurs in the time region where the loss of I-P indicates gradual inhibition of H20-splitting, and the stimulation of M suggests loss in photophosphorylation. In Figure 8 shows a continuous T level recording for a primary leaf from a 14-day-old plant. If our above analysis is correct, the first increase in T accompanies a decrease in the over-all photophosphorylation rate, parallel to a decrease in H20-splitting activity, and the second increase in T reflects inhibition of electron transport between PSI and PSII. The final decrease goes along with destruction of Chl.
In the course of this study we encountered occasional variability in ozone susceptibility from leaf to leaf and day to day, which resulted from differences in the developmental stages of the leaves under investigation. Detailed investigation of this parameter was beyond the scope of the present study, but our observations led to the conclusion that Phaseolus vulgaris, at the given growth conditions, displays a distinct peak in susceptibility to ozone 12 days after seeding. Figure 9 shows Figure   6 . Maximum depression of P is plotted as per cent of P amplitude before fumigation. suggests sites of ozone damage within the photosynthetic apparatus. (e) The fact that the P level is substantially suppressed before any effect on 0-I occurs argues for initial damage to the PSII donor site (H20-splitting enzyme system) prior to any decrease in energy transfer efficiency within the pigment system.
(f) With increasing exposure to ozone, the electron transport from PSII to PSI also becomes inhibited, as indicated by an increased I level. (g) Exposure of whole bean leaves to ozone only marginally affects the pigment system and PSII reaction centers, as can be concluded from the relative insensitivity of the 0 level to ozone. (h) Important parameters determining the degree of change of fluorescence characteristics with ozone treatment are ozone concentration, exposure time, recovery time, light conditions, and leaf age. These fluorescence results are in agreement with conclusions drawn from extensive studies using other assays. The fluorescence assay clearly provides an easy and rapid way of studying ozone effects in whole plants. It is conveniently applied both in the laboratory and in field experiments. Its nondestructive nature and the simplicity of the method, together with the relatively low cost instrumentation involved are important advantages of the fluorescence assay. The technique should also be of value in the study of other stress and pollution factors.
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